Starch, protein, and lipid are three major sources of calories in the human diet. The unique and universal human practice of cooking has been demonstrated to increase the energy gained from foods rich in starch or protein. Yet no studies have tested whether cooking has equivalent effects on the energy gained from lipid-rich foods. Using mice as a model, we addressed this question by examining the impact of cooking on the energy gained from peanuts, a lipid-rich oilseed, and compared this impact against that of nonthermal processing (blending). We found that cooking consistently increased the energy gained per calorie, whereas blending had no detectable energetic benefits. Assessment of fecal fat excretion showed increases in lipid digestibility when peanuts were cooked, and examination of diet microstructure revealed concomitant alterations to the integrity of cell walls and the oleosin layer of proteins that otherwise shield lipids from digestive lipases. Both effects were consistent with the greater energy gain observed with cooking. Our findings highlight the importance of cooking in increasing dietary energy returns for humans, both past and present. Am J Phys Anthropol 156:11-18,
ing had no detectable energetic benefits. Assessment of fecal fat excretion showed increases in lipid digestibility when peanuts were cooked, and examination of diet microstructure revealed concomitant alterations to the integrity of cell walls and the oleosin layer of proteins that otherwise shield lipids from digestive lipases. Both effects were consistent with the greater energy gain observed with cooking. Our findings highlight the importance of cooking in increasing dietary energy returns for humans, both past and present. Am J Phys Anthropol 156: 11-18, 2015 . V C 2014 Cooking is a universal human behavior that has been proposed to function partly as a mechanism for increasing dietary net energy gain (Wrangham, 2009) . Previous studies have shown cooking to increase the energy gained from carbohydrate-rich and protein-rich foods (Carmody and Wrangham, 2009; Carmody et al., 2011 ). Yet, to our knowledge no studies have examined whether routine cooking has equivalent effects on lipid-rich foods, despite the physiological importance of fat in ancestral and modern human diets (Speth and Spielmann, 1983; Leonard et al., 2010; Speth, 2010) . Nor has any study compared the effects of cooking lipids against those of alternate, nonthermal modes of processing, which is a key to isolating the energetic consequences of heat. To investigate these questions, we assessed the effects of cooking and/or blending on energy gain from peanuts (Arachis hypogaea), a lipid-rich oilseed. Nuts and other oilseeds have long served as important sources of dietary lipid (Peters, 1987; Dreher et al., 1996; Goren-Inbar et al., 2002) , and both ancestral (Robbins and Campbell, 1990; Alperson-Afil et al., 2009; Hosoya, 2011) and modern humans (Sabate et al., 2006; Ros, 2010) have routinely cooked these items.
The standard, Atwater system of nutritional assessment does not take the effects of food processing into account as long as macronutrient composition remains unaltered. Thus it assumes that a given lipid contributes about 9 calories per gram, regardless of how it is processed (Merrill and Watt, 1973) . Consequently, Atwaterbased assays report that cooking has little impact on the energy value of peanuts (Table S1 , Supporting Information). This conclusion fails to acknowledge the possibility that the cellular structure of oilseeds such as peanuts constrains their digestibility. Oilseeds have cell walls composed mainly of indigestible non-starch polysaccharides (Ellis et al., 2004) and store their lipids in oil bodies, intracellular, spherical organelles coated by oleosin proteins (Huang, 1992; Murphy, 1993) . These features hinder digestive lipases from accessing the encapsulated lipids (Beisson et al., 2001; Ellis, 2004; Mandalari et al., 2008; Gallier and Singh, 2012) , which may explain why unprocessed (raw/whole; RW) nuts and other oilseeds have high measured lipid and energy content, but display lower digestibility than predicted by the Atwater system in vivo (Novotny et al., 2012) . Cooking and/or mechanical processing tears cell walls and disrupts oil bodies, promoting lipid release (Schadel et al., 1983; Young and Schadel, 1990; Ellis et al., 2004; Altan et al., 2011) . This suggests that processing could increase lipid digestibility, because, unguarded by cell walls and oleosins, the freed lipids are likely more accessible to lipases (Kennelly, 1996; Ellis et al., 2004) . Alternatively, it is possible that the efficiency of lipase is reduced by the aggregation of such freed lipid, as lipase activity is known to decrease with increasing particle size (Armand et al., 1992; Borel et al., 1994) . How these structural alterations affect the overall energy available from oilseeds is, therefore, unknown, and can only be resolved by examination in vivo.
Applying an established protocol (Carmody et al., 2011) , we fed laboratory mice (Mus musculus) diets of peanuts in four conditions: unprocessed (RW), processed mechanically (raw and blended; RB), processed thermally (cooked and whole; CW), or processed both mechanically and thermally (cooked and blended; CB) ( Fig. 1) . Mice are a model omnivorous mammal (Latham and Mason, 2004) known to exploit lipid-rich nuts and seeds in natural contexts (Pritchett-Corning et al., 2013) . Mice were given each experimental diet ad libitum for 5 d, with a 6 d washout period of ad libitum chow between consecutive diets. The net energy gained or lost was indexed by change in body mass accounting for gross energy intake (food energy density multiplied by grams food intake) and activity level (wheel running). In addition, we examined fecal fat excretion and peanut diet microstructure to investigate the potential mechanisms responsible.
MATERIAL AND METHODS

Research models
Male C57BL/6 mice (Mus musculus) were acquired at 21 days of age (Model 027; Charles River). From delivery until 26 weeks of age, mice cohabited with littermates under standard conditions (21 6 1 C; 30-50% humidity; 12 h light/dark cycle) at the Biological Research Infrastructure barrier facility at Harvard University. At 26 weeks of age, mice were recruited into the study. Adults were used to minimize change in body mass between trials, and treatment diets were given in a counterbalanced order to control for residual growth. Males were used to eliminate the potential confound of intraindividual variation in energy expenditure due to the ovarian cycle (Curtis et al., 1996) . All procedures were approved by the Institutional Animal Care and Use Committee at Harvard University (Protocol 12-17).
Experimental cage setup
The experimental cage setup was as described previously in Carmody et al. (2011) . Briefly, mice were housed individually in standard non-ventilated cages fitted with a wire mesh floor to minimize coprophagy and facilitate daily collection of food refusals. To minimize contamination and loss of diet beneath the mesh floor, diets were given in Petri dishes fixed to the mesh floor with a pair of sterile plastic-coated neodymium magnets (Model D84PC-WHT; KJ Magnetics). Cage tops were equipped with an exercise wheel (Model 61390; SuperPet) to which a neodymium magnet (Model D42; KJ Magnetics) was attached. A magnetic bicycle counter (BC 500 or BC 506; Sigma) was attached to the ceiling, directly above the orbit of the magnet, such that the magnet would pass by upon each revolution of the wheel. The number of daily wheel rotations recorded by the bicycle counter served as an index of activity level. Cages were sterilized, and fresh liners, cotton nestlet, and water were given daily. Mice were given 6 d to acclimate to this experimental cage setup prior to the start of feeding trials, during which time they were fed chow (IsoPro RMH 3000; PMI Nutrition) ad libitum.
Diet preparation
Experimental diets consisted of peanuts (Arachis hypogaea) fed in four preparations: (1) RW, (2) RB, (3) CW, and (4) CB ( Fig. 1 ; Table S2 , Supporting Information). Peanuts were purchased raw and in-shell (Wakefield Peanut, VA) to eliminate the confound of preexperimental processing and minimize the risk of lipid oxidation (Davidson et al., 1982) . Diets were prepared under sterile conditions and within 3 h of use. To maximize consistency across trials, all diets were processed in batches of uniform size and by the same researcher (E.E.G.). For all diets, peanuts were shelled immediately prior to use. For RW, peanuts were skinned by gentle rubbing, separated into their two cotyledons, and weighed into ad libitum rations (22.5 6 0.05 g). For CW, shelled whole, raw peanuts were placed in a single layer on a baking sheet lined with aluminum foil and roasted for 17 min in a 167 C oven. This time/temperature combination yields peanuts of a Medium roast color (McDaniel et al., 2012) , which are used as the reference standard in USDA investigations involving roasted peanuts (McNeill and Sanders, 1998) . Following roasting, peanuts were allowed to cool to room temperature, and weighed into ad libitum rations. For each of the blended diets (RB, CB), peanuts were prepared as for RW or CW, blended using a food processor (DLC-2A Mini Prep Plus; Cuisinart) until they reached a consistency resembling "smooth-style" commercial peanut butter (RB: 75-90 s; CB: 45-60 s), and weighed into ad libitum rations. Blending times were experimentally determined to not appreciably increase diet temperature (RB: pre-blending: 22.1 C, post-blending: 22.4 C; CB: pre-blending: 22.7 C; post-blending: 22.9 C). To determine gross dietary energy density, replicates of each diet were analyzed for macronutrient content using standard biochemical assays (Table S2 , Supporting Information).
Feeding protocol
Mice were fed for 5 consecutive days on each of the experimental diets, using a counterbalanced, withinsubjects design. Diets were assigned symmetrically, with five mice consuming each diet at any point in time. To prevent carry-over effects across treatments, mice were reared on chow ad libitum for 6 d between each feeding trial. All diets were given at the same time each day to ensure a standardized, 24 h data collection cycle. During this daily intervention, mice were weighed in sterile paper weighing containers, and body mass was recorded (60.1 g) during a period of inactivity. Fresh fecal samples were collected non-invasively with sterile forceps, flash-frozen in liquid nitrogen, and stored at 220 C until analysis of fecal fat excretion. Food refusals from the previous 24 h were also collected and weighed fresh to determine fresh-weight intake (defined as the difference between initial diet ration and refusal weights). Refusals were stored at 220 C and later freeze-dried to constant mass to determine dry-weight intake. To measure daily activity level, wheel-running data from the previous 24 h were recorded, and the bicycle counter was reset.
Fecal fat excretion
Feces collected during Days 2-5 of feeding trials were assessed for total lipid content to compare lipid digestibility across the peanut diets. Samples were ground under liquid nitrogen to pass through a #40 mesh (420 mm) filter. Total fecal lipid content was determined by petroleum ether extraction (Conklin-Brittain et al., 2006) .
Diet microstructure
Treatment diets were examined using light and confocal laser scanning microscopy (CSLM) to assess the effects of mechanical and/or thermal processing on peanuts' cellular structure.
Light microscopy. Light microscopy was used to examine cell walls. Samples were fixed in 4% paraformaldehyde at room temperature for 4 d and embedded in paraffin. Three 5 mm thick cross-sections of each diet were cut using a Cryostat, mounted on VWR Superfrost Plus Slides (VWR Cat# 48311-703), and stained with hematoxylin (carbohydrate; purple) and eosin (protein; red/pink). Each diet sample was examined qualitatively using an Olympus BX41 Histology Microscope with DP25 Camera & Side-by-Side Viewing (Olympus Corp., Tokyo, Japan) at 100x magnification using CELLSENS imaging software (Olympus Corp., Tokyo, Japan).
CSLM. CSLM was used to assess the state of oil bodies. Samples of whole diets (RW, CW) were prepared according to the method of Altan et al. (2011) , which validated CSLM for whole almonds subjected to different modes of thermal processing. Five peanut halves were randomly selected (one half from each of the five samples), and 500 mm thick sections were cut using a razor blade from the middle of the nut to obtain the parenchyma tissue, where the majority of nutrients are stored. For blended diets (RB, CB), samples were cut into 500 mm thick sections. All samples were subsequently stained with a solution of Nile Red (non-polar lipids, including triacylglycerols; 1 mg/mL acetone, 1:100, v/v) and Fast Green FCF (protein; 1 mg/ mL Milli-Q water, 1:100, v/v), and mounted on MatTek dishes (Model P35G-1.5-14-C; MatTek Co) using glycerol. They were then viewed under CSLM (Zeiss LSM 700 Inverted Confocal, Oberkochen, Germany) with a 63 mm oil immersion lens. Nile Red was excited with the 488 nm line from the Ar1 laser and the filters were set to collect emitted light between 500 and 600 nm. Fast Green FCF was excited with the 633 nm line from the HeNe laser and the filters collected emitted light between 650 and 750 nm.
Data analysis
Net energy gain was assessed by running linear mixed effects models (LMEs) to examine the effects of cooking and blending on body mass independent of gross energy intake and physical activity. The best model was selected by restricted maximum likelihood, which penalizes appropriately for the number of model parameters when sample size is small (Schaeffer et al., 1978; Bolker et al., 2009 ). Significance was set at an alpha level of 0.05. Two-way repeated measures ANOVA (2 3 2 RM ANOVA) was used to examine the association between fecal fat excretion and the factors cooking, blending, and their interaction. Two-sample t-tests (two-tailed) were used to identify pairwise differences between all six possible diet combinations. To correct for the increased probability of false positives due to multiple independent comparisons, a Bonferroni correction was used to readjust the alpha level from 0.05 to 0.0083. The effects of processing on relative dietary preferences were examined using chisquare goodness of fit tests. All analyses were conducted in R (R Core Team, 2012). LMEs were performed using the lme function of the nlme package, and the 2 3 2 RM ANOVA using the Anova function of the car package. Chi-square tests and t-tests were performed using the chi-square test and t-test functions of the stats package, respectively.
RESULTS
Net energy gain
Cooking consistently increased net energy gain. LME model analysis showed that gross energy intake (calculated on a dry-weight basis) was a significant predictor of change in body mass (B 5 0.046, SE 5 0.012, P < 0.001), but activity level was not (B 5 0.001, SE 5 0.004, P 5 0.775). Controlling for these factors, cooking had a positive effect on change in body mass (LME model; B 5 0.589, SE 5 0.209, P 5 0.007), indicating that it increased net energy gain ( Fig. 2; Table 1 ). By contrast neither blending (B 5 20.051, SE 5 0.227, P 5 0.825) nor the interaction between blending and cooking (B 5 20.049, SE 5 0.223, P 5 0.827) affected change in body mass independently. While insignificant overall, these effects were both weakly negative. Consequently, cooking significantly increased energy gain from ENERGY GAIN FROM COOKED LIPIDS a whole diet (RW-CW: B 5 1.080, SE 5 0.522, P 5 0.043) but not a blended one (RB-CB: B 5 1.276, SE 5 0.689, P 5 0.070). Similarly, blending a cooked diet did not increase net energy gain (CW-CB: B 5 -0.199, SE 5 0.697, P 5 0.776). Results were similar when freshweight basis values were used (Fig. S1 , Table S3 , Supporting Information).
Fecal fat excretion
Patterns of fecal fat excretion (Table 2) corresponded to those observed for net energy gain. Thus, only cooking significantly influenced fecal fat loss (2 3 2 RM ANOVA; cooking: P 5 0.001, blending: P 5 0.741, cooking 3 blending: P 5 0.880). Mice excreted less fat on cooked peanuts (paired t-test; CW < RW; P 5 0.008; CB < RB; P 5 0.017), indicating that cooking increased total-tract lipid digestibility.
Peanut diet microstructure
Cell walls. As observed previously (Schadel et al., 1983; Young and Schadel, 1990; Ellis et al., 2004; Altan et al., 2011) , both cooking and blending damaged cell walls (Fig. 3) . While blending alone had no other obvious disruptive effects, cells in CW peanuts were substantially larger than those in the RW samples and experienced scattering of their contents, indicating that heating had promoted cellular swelling and rupture. Cooking also appeared to facilitate subsequent mechanical processing: the CB sample displayed the most cell damage, with few intact cells present and the greatest release of intracellular contents.
Oil bodies. While cooking and/or mechanical processing damaged the exterior oleosin layer present in RW peanut oil bodies (Fig. S2, Supporting Information) , oil bodies in the CW and blended (RB, CB) diets had distinct structures (Fig. 4) . In the CW diet, discrete lipid B 5 unstandardized effect size. This is the amount that the dependent variable (net change in body mass) changes for a 1-unit change in the given factor. For categorical factors, this oneunit change refers to moving from one state to another-e.g., for "cooking," the effect size represents the change in body mass when moving from a raw to a cooked diet, while keeping all other factors in the model constant. a Gross energy intake was calculated on a dry-weight basis: dry mass food intake (g) 3 gross dietary energy density (kcal/g dry mass). Percent fat excreted was calculated as: total fecal lipid content (g)/wet feces (g), times 100. Values are means 6 SE, for feces samples collected over 4d from mice (n 5 20). Diet abbreviations are: RW: raw/whole; RB: raw/blended; CW: cooked/whole; and CB: cooked/blended. a Values that significantly differed from each other (paired t test with Bonferroni correction, P 0.0083). Fig. 3 . Effects of processing on cell walls in peanut treatment diets (RW: raw/whole, RB: raw/blended, CW: cooked/whole, CB: cooked/blended). Black arrows point to cell walls: intact, in the (unprocessed) RW diet, or torn, in the (processed) cooked and/or blended diets. Samples were stained with hematoxylin (carbohydrate; purple) and eosin (protein; red/pink). Scale bar is 50 mm. Fig. 4 . Effects of processing on oil bodies in peanut treatment diets (RW: raw/whole, RB: raw/blended, CW: cooked/whole, CB: cooked/blended). Samples were stained with Nile Red (lipid) and Fast Green (protein). Note that oil bodies (OB) are intact in RW peanuts. Oil bodies are still identifiable in CW peanuts, but are present as (aggregated) flocs. In the blended diets, oil bodies have coalesced to form oil droplets (OD). Contrast was adjusted for the RW image to facilitate identification of the oil bodies. Scale bar is 25 mm. bodies, henceforth denoted as "cooked oil bodies," were largely present as aggregated flocs with associated surface peptides. These peptides were likely oleosin fragments, as they were highly co-localized to the exterior of lipid bodies (Fig. S2, Supporting Information) . In contrast, oil bodies in blended peanuts had largely coalesced into oil droplets (Fig. 4) .
DISCUSSION
Our findings indicate that cooking increases the fraction of lipid available and the net energy gained from peanuts, a lipid-rich oilseed. Analysis of diet microstructure provides a strong candidate mechanism by which cooking increased the energetic value of peanuts. Cooked oil bodies were present as flocs resembling those formed by almond (Gallier and Singh, 2012) and walnut (Gallier et al., 2013) oil bodies after 60 min of in vitro gastric digestion. This close resemblance suggests that heat mimicked the disruptive effects of pepsin on oleosins. The fact that peanut oleosins denature between 50 C and 59
C (Cabanos et al., 2011) , which is well below the 167 C roasting temperature used, further supports this hypothesis. Thus, cooking may "pre-digest" oil bodies, promoting subsequent lipolysis in vivo. As observed in vitro, disruption of the oleosin layer could facilitate lipase adsorption onto the oil droplet surface (Gallier and Singh, 2012; Gallier et al., 2013 ) and stimulate gastric fat emulsification, as peptides are known to help emulsify lipid droplets in the stomach (Carey et al., 1983) .
Prior studies have noted that human subjects given peanut butter (peanuts that have been roasted, and then ground) excreted less fat than those given whole roasted peanuts. This implies that mechanical processing of cooked peanuts increases the digestibility of their lipid, and presumably the energy gained from them (Levine and Silvis, 1980; Traoret et al., 2008) . However, in our study the greater lipid release observed microscopically in blended diets did not increase lipid digestibility or net energy gain. Interspecies differences in mastication offer one possible explanation for this discrepancy. In mice and other rodents, the masseter is extended, such that it inserts onto the medial, rather than the lateral, surface of the mandible (Druzinsky et al., 2011) . This masseteric extension helps rodents produce large bite forces that favor high chewing efficiency (Baverstock et al., 2013) . Thus, one possibility is that mice masticated the whole peanuts so completely that all diets were effectively blended upon reaching the stomach and small intestine, the predominant sites of lipid digestion in both species (DeNigris et al., 1988; Mu and Hoy, 2004) . Further study on the effects of processing on mastication and digestion in mice, humans and other species could help resolve the energetic significance of blending for lipidrich foods.
Given the importance of lipids as a uniquely dense source of energy, our results have significant implications for both ancestral and modern human nutrition. Despite being costly in time and energy, cooking is a cultural universal (Wrangham, 2009) . A functional perspective suggests that cooking, therefore, should increase overall fitness, and a proposed mechanism is through increasing net dietary energy gain (Wrangham, 2009; Wrangham and Carmody, 2009 ). However, prior research on the energetic significance of cooking for human evolution has considered only two of the three major macronutrients. Thermal processing has been previously observed to increase the energy gained from carbohydrate-rich tubers and protein-rich lean meat (Carmody et al., 2011) ; our data show that it increases the energy gained from lipid-rich nuts as well. Tubers, meat, and nuts are thought to have been major components of ancestral human diets (Peters, 1987; Ungar, 2007) . Our findings, therefore, imply that cooking these foods would have raised the human energy budget, helping fuel expensive increases in body mass, brain size, locomotor activity and other costly physiological traits (Aiello and Wells, 2002) . Today, energy deficiency and energy excess are both major public health concerns, with many nations facing the "double burden" of obesity and malnutrition (FAO, 2006) . Lipids are highly relevant to understanding and addressing these modern epidemics (FAO, 2010) . In the United States, Atwater-based calculations of food energy content advise national dietary guidelines (Bliss, 2012) . Such calculations (Table S1 , Supporting Information) indicate that raw and roasted peanuts offer equivalent amounts of lipid and metabolizable energy once corrected for differences in water content (dry-weight basis). In contrast, our data show that lipid digestibility and net energy gain from cooked peanuts significantly exceeded that from raw peanuts on a dry-weight basis. This discrepancy between measured calorie content and in vivo energy returns-previously shown for foods rich in carbohydrate or protein (Carmody et al., 2011) , and now for those rich in lipid-limits our ability to effectively address the epidemics resulting from caloric insufficiency or excess. Such research calls new attention to the need for finding appropriate ways to interpret the existing Atwater-based system of nutritional assessment.
Our findings also offer promising avenues to optimize dietary energy intake. For example they suggest that individuals who eat raw lipid-rich foods would excrete a greater fraction of the lipid, enabling them to limit weight gain despite the high measured calorie content of these items. Conversely, consuming cooked lipid-rich foods could help increase net energy gain and body mass in cases of malnutrition. Recent observations support the potential value of such strategies: (1) adults consuming diets supplemented with raw, whole nuts achieve similar weight loss outcomes as those consuming nonsupplemented control diets, despite the additional calories (Casas-Agustench et al., 2011); and (2) consumption of a roasted peanut paste promotes rapid weight restoration in malnourished children (Ashworth, 2006) . Further studies of the energetic consequences of cooking lipidrich foods, including quantification of these effects in humans, will help to better understand the adaptive significance of cooking and more effectively address the burdens of obesity and malnutrition.
